There is a consistent relationship between body mass index and sleep quality. However, the directionality and possible confounding factors of this relationship are unclear. Our aim is to confirm the association between sleep quality and body mass index, independent of possible genetic confounding, as well as to provide some indirect inferences about the directionality of this association. The co-twin study design was used to analyse the body mass index-sleep relationship in a sample of 2150 twins. We selected two parallel sub-samples of twins discordant for body mass index (n = 430 pairs), or discordant for sleep quality (n = 316 pairs). Sleep quality and body mass index showed an inverse relationship (b = 0.056, P = 0.032) in the global sample. When twins discordant for body mass index were selected, this association maintained a similar effect size and statistical significance, at all levels of the case-control analysis (all discordant pairs b = 0.173, P < 0.001; dizygotic twins b = 0.174, P = 0.002; monozygotic twins b = 0.173, P = 0.050). Nevertheless, when twin pairs were selected on the basis of their discordance for sleep quality, the association between body mass index and sleep quality appeared weaker and lost significance (b = 0.021, P = 0.508). The analyses including only dizygotic (b = 0.028, P = 0.526) or monozygotic (b = 0.001, P = 0.984) pairs produced similar non-significant results. Our results confirm the relationship between sleep quality and body mass index, even after applying high levels of control, including genetic factors. Moreover, this study suggests a possible directionality of this relationship, such that sleep quality would strongly affect body mass index, while the opposite would be less robust and consistent in nonclinical samples.
IN TROD UCTI ON
The relationship between high body mass index (BMI) and sleep health is well established in cross-sectional and longitudinal studies (Bjorvatn et al., 2007; Cappuccio et al., 2008; Lauderdale et al., 2009; Moraes et al., 2013; Watson et al., 2010 Watson et al., , 2012 . However, the intervening processes between sleep health and BMI are complex and not well understood yet. High BMI appears associated to breath difficulties such as apnea (Franklin and Lindberg, 2015) . On the other hand, impaired sleep may result in increases in BMI through a series of factors, most of them interrelated: increases in sympathetic nervous activity (Spiegel et al., 1999) , a decrease in leptin levels, and an increase in ghrelin levels as well as in appetite and hunger (Spiegel et al., 2004) , increased fat intake (Grandner et al., 2010) , or increases in cortisol levels and resistance to insulin (Miller and Cappuccio, 2007) .
Most studies on this topic have focused on sleep duration as an index of sleep health. However, other, more comprehensive measures, may offer valuable information to interpret this relationship. Sleep quality has been frequently used as a single indicator encompassing a collection of sleep measures, such as: total sleep time, sleep-onset latency, degree of fragmentation, total wake time, sleep efficiency, and sometimes sleep-disruptive events such as spontaneous arousals or apnea (Krystal and Edinger, 2008) . Self-reported sleep quality is affected by gender and age; women and older people are more likely to report lower sleep quality and a higher number of sleep problems (Madrid-Valero et al., 2017;  ª 2017 European Sleep Research Society Ohayon et al., 2004; Uhlig et al., 2014; Zhang and Wing, 2006) , and it seems to be more closely associated to psychological distress than duration alone (Supartini et al., 2016) . Sleep quality also appears to be related to BMI through an inverse relationship (Hung et al., 2013; Kim, 2015) , although the opposite has also been reported (Gildner et al., 2014) . Nevertheless, this association has received less attention in the literature.
In summary, although the literature points to a consistent relationship between BMI and sleep quality, we are still lacking in knowledge about the nature of this relationship and the causal link between them. It is not clear whether a high BMI is a cause or a consequence of sleep problems (e.g. short duration or poor quality); actually, both directions may be possible and do not need to be mutually exclusive (Lauderdale et al., 2009) . The reason for that knowledge gap lies partly in methodological differences between studies that hamper direct comparison or meta-analyses (Patel and Hu, 2008) . In addition, the role of possible confounding factors, such as genetics, has not always been taken into account. Genetic factors seem to have a significant influence on both BMI and sleep. Heritability estimates of about 0.7 have been reported for BMI (Nan et al., 2012) , and between 0.3 and 0.6 for sleep parameters, such as duration, subjective quality or daytime sleepiness (Butkovic et al., 2014; Genderson et al., 2013; Watson et al., 2006 Watson et al., , 2010 . Furthermore, gene-environment interaction has been reported, showing higher heritability associated to short sleep duration (Watson et al., 2012) .
Given that both environmental and genetic factors have been found to be associated with BMI and sleep quality, the use of a within-pair twin case-control study (where the effect of genetics and early environment shared by twins can be controlled), could help to clarify the relationship between these variables and elucidate a possible causal path between them. With this aim, we analysed this relationship in a sample of adult twins using a co-twin case-control design to confirm the association between sleep quality and BMI regardless of possible genetic confounding. Additionally, we expected to be able to provide some indirect inferences about the directionality of this association.
MATERI ALS AND METHODS

Sample
The sample was composed of 2150 subjects born between 1939 and 1966, from the Murcia Twin Registry (MTR; Ordoñana et al., 2013) . The MTR is a population-based registry in the region of Murcia, SE Spain. Description regarding the MTR, recruitment procedures and data collection is provided elsewhere (Ordoñana et al., 2013) . For this study, data were collected for female, male and opposite-sex twin pairs using phone and face-to-face interviews that included demographic information and self-reported healthrelated questionnaires. The MTR protocols and instruments, as well as the data-collection procedures and the analysis derivatives thereof, have been approved by the Research Ethics Committee of the University of Murcia and meet the legal requirements of confidentiality and protection of personal data. Participants provided written informed consent when interviewed in person or oral consent when a telephone interview was used.
Zygosity assessment
Twin zygosity was assessed by DNA in 338 pairs of twins. When this was not possible (68% of the total sample), a 12-item questionnaire focusing on the degree of similarity and mistaken identity between twins was used. This questionnaire has been determined to correspond well with zygosity with an agreement in nearly 96% of cases (Ordoñana et al., 2013) .
Assessment of sleep quality
The subjective quality of sleep was measured by self-report questionnaire through the Pittsburgh Sleep Quality Index (PSQI; Buysse et al., 1989; Royuela and Mac ıas, 1997) . This questionnaire has seven subscales: (1) subjective sleep quality; (2) sleep latency; (3) sleep duration; (4) habitual sleep efficiency (percentage of time that the respondent believes to be asleep on the total time in bed); (5) sleep disturbances; (6) use of sleeping medication; and (7) daytime dysfunction. These seven partial scores lead to a global index, which is known as the PSQI. Subjects with a score >5 on the PSQI can be classified as having a poor sleep quality (Buysse et al., 1989; Royuela and Mac ıas, 1997) . The questionnaire has shown adequate reliability and validity (Carpenter and Andrykowski, 1998) , and its Spanish version has been validated (Royuela and Mac ıas, 1997) .
BMI assessment
Self-reported measures of weight and height were obtained for all male and 40.6% of the female participants. For the remaining female participants, a blinded research assistant collected weight and height. 'Body weight' was valued in barefoot subjects wearing light clothes using a digital scale accurate to the nearest 0.1 kg (TANITA BC-420 MA; Tanita Corporation of America, Arlington Heights, Il, USA). 'Height' was determined using a portable stadiometer (rank, 0.14-2.10). The subjects were positioned upright, relaxed, and with the head in the Frankfort plane. These data were used to calculate the BMI according to the formula: weight (kg)/height (m 2 ). No significant difference in BMI (mean difference 0.22 kg m
À2
; P > 0.05) was found between participants who had objectively measured data (27.57 kg m À2 )
and those who self-reported their height and weight (27.35 kg m
).
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Assessment of covariates
We considered age, gender, educational level, engagement in leisure physical activity, anxiety/depression and smoking as possible confounding variables. Additionally, because subjective or objective anthropometric data were collected in different subsets of the sample, analyses were also adjusted by kind of anthropometric measurement. Participants chose, among the following options, the one that best described their engagement in leisure physical activity: (1) "I do not practice exercise. My leisure time is mostly sedentary (reading, watching TV, movies, etc.)"; (2) "Some sport or physical activity occasionally (walking, gardening, soft gym, light efforts, etc.)"; (3) "Regular physical activity several times a month (tennis, jogging, swimming, cycling, team sports, etc.)"; (4) "Physical training several times a week". Engagement in leisure physical activity was dichotomized into two categories: (1) no physical activity; (2) low, moderate or vigorous physical activity. Symptoms of depression or anxiety were assessed with the Depression/Anxiety dimension of the EQ-5D questionnaire (Rabin and De Charro, 2001 ). Participants were asked to answer a single question that best described them on that day, with answers classified as "I am not anxious or depressed", "I am moderately anxious or depressed", or "I am extremely anxious or depressed". Participant answers were dichotomized into "I am not anxious or depressed" or "I am moderately/extremely anxious or depressed". As for smoking, participants were divided into two categories: (1) ex-or never-smoker; (2) current regular smoker. Smoking and physical activity questions were based on the Spanish National Health Survey questionnaire (Instituto Nacional de Estad ıstica, 2012). Educational attainment was reported ranging from Illiterate to University-High degree levels, following the guidelines of the Spanish National Statistics Institute. Educational level was categorized into four categories: no studies; primary studies; secondary studies; and university degree.
Data analysis
Total sample analysis
After performing descriptive analyses for all variables, we conducted a total sample analysis using all available subjects. In that case, in order to analyse the relationship between BMI and sleep quality, the twins were analysed as individuals rather than pairs and irrespective of zygosity. When appropriate, all analyses were adjusted for age and gender. We first conducted univariate linear regression analyses to assess the association between each covariate and the phenotypes (BMI and sleep quality), adjusting standard errors for dependency within pairs. Variables with associations with both phenotypes were initially entered in the total sample multivariate regression models and kept in all subsequent analytical phases when contribution to outcome prediction was relevant (i.e. P < 0.20).
Within-pair twin case-control analyses
Subsequently, we performed separate parallel within-pair twin case-control analyses in order to investigate the association between BMI and sleep quality, adjusting for genetic and early shared environmental influences. For those analyses we used only complete pairs that were discordant for the outcome variable. Hence, we selected pairs discordant for BMI, using a cut-off point of 3 kg m À2 difference in BMI between co-twins, according to a common criterion in discordant twin research (Bogl et al., 2016; Pietil€ ainen et al., 2016) . Using this criterion, we identified 430 [dizygotic (DZ): 316; monozygotic (MZ): 114] discordant pairs (Fig. 1) . In parallel, we followed a similar procedure but selecting pairs that were discordant for sleep quality. Identification of discordance was based on the cut-off point of five points in the PSQI score (PSQI ≤ 5 or PSQI > 5) and categorizing individuals as experiencing good or poor sleep quality, respectively. We identified 316 (DZ: 209; MZ: 107) discordant pairs ( Fig. 1) . In that way, we obtained two different subsamples in which to perform parallel within-pair case-control analyses. In both cases we applied conditional linear regression models following a progressive adjustment to shared environmental and genetic factors. First we analysed all complete discordant pairs and then we made a separate analysis for DZ and MZ twins. These sequential analyses allow more precise estimates of the relationship between variables and whether the association is consistent with a possible causation path (Kujala et al., 2002) . The confounding variables selected in the total sample analysis were retained for the case-control multivariate models, with gender being included only when analysing DZ twins. All analyses were run using STATA statistical software (12.0). The significance level was set at 0.05.
Total sample (n = 2150) 
Monozygotic (107 pairs)
62 discordant for SQ 45 discordant for BMI and SQ 
RESUL TS
A total of 2150 subjects were included in the total sample analysis. The main characteristics disaggregated by gender and zygosity are described in Table 1 . In short, 45.3% were males and the mean age was 53.7 years (SD: 7.4; range: 43-71 years). Mean BMI was 27.4 kg m À2 (SD: 4.5), with 68.3% of subjects overweight (BMI ≥ 25 kg m À2 ). Mean PSQI score was 5.1 (SD: 4.0), and 38.2% of the sample was categorized as experiencing poor sleep quality (PSQI > 5). No significant differences were observed between MZ and DZ twins in any of the studied variables. Participants with overweight/obesity showed a higher score on global PSQI ( X = 5.32; SD: 4.0) than subjects with lower BMI ( X = 4.62; SD: 3.7).
Influence of sleep quality on BMI
When BMI was regarded as the outcome, sleep quality, age, gender, educational level, physical activity and smoking were entered into the multivariate model. Poor sleep quality was associated with higher BMI in the unadjusted [b = 0.098, 95% confidence interval (CI) 0.046, 0.150, P < 0.001] as well as the adjusted analyses (b = 0.056, 95% CI 0.005, 0.108, P = 0.032). This association showed a similar effect size, and kept statistical significance, at all levels of the casecontrol analysis (all discordant pairs b = 0.173, 95% CI 0.082, 0.263, P < 0.001; DZ twins b = 0.174, 95% CI 0.067, 0.282, P = 0.002; MZ twins b = 0.173, 95% CI 0.001, 0.345, P = 0.050; Table 2 ). In order to carry out a further check on our results, we performed the same analyses but using a more stringent cut-off point of 4 kg m À2 to select discordant pairs. We obtained 226 DZ and 72 MZ pairs with this procedure. Effect sizes were similar in this case, although the sample size reduction led to non-significance for MZ twins (all discordant pairs b = 0.165, 95% CI 0.052, 0.278, P = 0.004; DZ twins b = 0.182, 95% CI 0.049, 0.315, P = 0.008; MZ twins b = 0.144, 95% CI À0.066, 0.354, P = 0.175).
Influence of BMI on sleep quality
When sleep quality was regarded as the outcome, BMI, age, gender, physical activity and symptoms of anxiety/depression were entered into the multivariate model. As expected, BMI showed a similar effect size on its association with sleep quality in the unadjusted (b = 0.075, 95% CI 0.035, 0.115, P < 0.001) and adjusted analyses (b = 0.033, 95% CI À0.006, 0.071, P = 0.097), as compared with the previous analyses. However, in that case, the analyses on discordant pairs for sleep quality rendered different results. A total of 316 complete discordant pairs were included in the within-pair case-control analysis. The association between BMI and sleep quality appeared weaker and lost significance (b = 0.021, 95% CI À0.043, 0.086, P = 0.508). The analyses (Table 3) .
DI SCUSSION
Our aim in this study was twofold. Firstly, we expected to confirm the association of BMI and sleep quality independent of possible confounding effects of genetic factors. Secondly, we intended to provide some indirect inferences about the directionality of this association by performing two parallel cotwin control analyses, using BMI and sleep quality as outcome variables in sub-samples of discordant twin pairs. Our results confirmed, as expected, a strong relationship between sleep quality and BMI (Hung et al., 2013; Kim, 2015) . Furthermore, this relationship appears to be independent of genetic confounding under certain circumstances. This association parallels that commonly found between sleep duration and BMI (Watson et al., 2010) .
Although obviously related, both measures do not represent the same phenotype. Sleep quality encompasses sleep duration, but it also includes other relevant aspects of sleep, providing a better representation of the individual experience of sleep. Distinct sleep dimensions, other than duration, may more precisely capture influences that drive the association between sleep and obesity (Jarrin et al., 2013) . Moreover, sleep quality has shown stronger associations with variables such as depression symptoms (Supartini et al., 2016) , which appears to account, at least in part, for the relationship between weight and sleep quality (Sawyer et al., 2015) .
Our results also provide some useful insights regarding the nature and character of this association. We have selected two sub-samples of twin pairs defined by their discordance on BMI or sleep quality and have used them to check whether the strength of the relationship varied in parallel co-twin control studies. The effect and statistical significance of the association was strong and maintained through all analytical stages (total sample, all discordant, DZ and MZ twins) when BMI discordant pairs were selected and sleep quality was used as exposure variable. However, when subjects were selected for discordance on the quality of sleep, and the association was controlled for genetic and early environmental factors, BMI no longer influenced sleep quality. Actually, if we had followed only one of those alternative pathways, we would have ended up with completely different conclusions, depending on the selected route. Although a mutual influence cannot be completely discarded and ruling out reverse causation requires longitudinal designs (McGue et al., ª 2017 European Sleep Research Society 2010), these results support the notion that sleep quality influences BMI rather than the reverse. The significant effect of the former on the latter implies that the worse sleep quality is the higher the likelihood of an elevated BMI. However, the influence of BMI on whether an individual has poor sleep quality was weaker and other factors, including genetics, appear to confound this influence. An interpretation consistent with these results would lead us to postulate that the relationship between sleep quality and BMI is mainly of an environmental nature and goes from the former to the latter. A strong common genetic contribution to both variables would have produced a similar decline of significance regardless of the kind of discordant sub-sample. In support of this view, Watson et al.(2010) , in a co-twin control study, found little evidence of shared genetic factors between sleep duration and BMI. Being the association mainly of an environmental origin, our results point to a relevant impact of sleep quality on BMI, and not to the reverse, at least in the general population. Poor sleep quality may be produced by a variety of non-biological factors, including lifestyle, working conditions, partner or social roles (e.g. caregiver), and this may result in BMI increases through physiological changes. Increases of sympathetic nervous activity, variations in leptin and ghrelin levels as well as in cortisol, or increased resistance to insulin have been suggested as factors that explain this relationship (Miller and Cappuccio, 2007; Spiegel et al., 1999 Spiegel et al., , 2004 . The possible role of sleep problems in epigenetic or microbiota changes that could influence BMI has also been suggested. Sleep disruption may induce alterations in gut microbiota with possible metabolic consequences (Poroyko et al., 2016) , and it could alter the epigenetic profile of circadian clock genes in key metabolic tissues (Cedernaes et al., 2015) . On the contrary, a high BMI may have a non-relevant influence over sleep quality by itself in a non-clinical population.
There are other studies supporting this suggestion. Thus, Seegers et al. (2011) in a longitudinal study with a sample of preadolescent children suggested such directionality of effects. Another study found that short sleep duration was associated with future weight gain, and also with incident obesity in women (Patel et al., 2006) . Lauderdale et al. (2009) did not find longitudinal effects of sleep duration on BMI change. However, because their study controlled for BMI at baseline, this can only be regarded as a test for causality of change, not for BMI itself. Not only the availability of studies analysing causality properly is scarce and difficult (Cappuccio et al., 2008) , but it is also important to note that they use duration of sleep instead of sleep quality. The use of twin studies together with alternative variables, such as sleep quality, can contribute to shed some light on this issue.
This study has several strengths. The use of a large, population-based, twin sample allows for high levels of control of confounding variables, including genetics. Additionally, the selection of discordant twin pairs into two different sub-samples permits a comparison of two alternative pathways of analysis. On the other hand, our study has some limitations. Firstly, it is cross-sectional and, therefore, although causal relationships are suggested, they should not be readily assumed. Secondly, the measure of sleep quality is self-reported and other objective measures such as polysomnography or actimetry recordings would provide more valid results. Nevertheless, the measures of selfreported sleep quality have shown adequate psychometric properties (Carpenter and Andrykowski, 1998; Royuela and Mac ıas, 1997) , and are a reliable method for the assessment of sleep with no significant differences regarding objective methods in non-clinical populations (Croy et al., In press) .
In summary, this study confirms a strong relationship between sleep quality and BMI, even after applying high levels of control, including genetic factors. Moreover, this study suggests a possible directionality of this relationship, such that sleep quality would strongly affect BMI while the reverse would be less robust and consistent in non-clinical samples. Finally, longitudinal studies are needed to confirm our results.
